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Abstract—Methods of electrochemical analysis of biological objects based on the reaction of electro-oxidation/electro-
reduction of molecules are presented. Polymer nanocomposite materials that modify electrodes to increase sensitivity of
electrochemical events on the surface of electrodes are described. Examples of applications electrochemical biosensors con-
structed with nanocomposite material for detection of biological molecules are presented, advantages and drawbacks of dif-

ferent applications are discussed.
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INTRODUCTION

Advances in modern biological chemistry involve,
first and foremost, elucidation of fine details of metabol-
ic pathways in pathological processes, identification of
specific markers and their quantitative comparative eval-
uation for normal/pathological conditions. Various tech-
niques and approaches to the analysis of biomolecules
have been developed for diagnosis of diseases and for
investigation of their interactions with molecular targets.
Imaging techniques, atomic force microscopy, spectral
methods, techniques using fluorogenic components,
mass spectrometry of both macromolecules (e.g., pro-
teomics) and low-molecular weight compounds (meta-
bolomics) are being actively introduced to the modern
translational medicine as representatives of nano- and
omics technologies [1-4].

Abbreviations: DPV, differential pulse voltammetry; dsDNA,
double-stranded DNA; LOD, limit of detection; Mb, myoglo-
bin; MWCNT, multi-walled carbon nanotubes; PILs,
poly(ionic liquid)s; SPE, screen-printed graphite electrode;
Trp, tryptophan; Tyr, tyrosine.

* To whom correspondence should be addressed.

Electrochemical methods in biochemical and bio-
medical studies are actively developing as a result of pro-
ductive combination of nanotechnologies, nanomateri-
als, and methods for recording and processing of the
results of electroanalysis [5]. The advantage of electro-
chemical methods is quantitative determination of elec-
troactive biocomponents based on the fundamental laws
of electrochemistry; moreover, measuring devices can be
both stationary, for conducting fundamental studies, and
portable, for clinical tests. By recording the dependence
of the current flow through an indicator electrode in con-
tact with an electroactive substance on the potential dif-
ference between the working and reference electrodes, it
is possible to obtain data on concentration of the elec-
troactive substance, kinetics and thermodynamics of
electrochemical reaction [6]. Type of the electrode and its
modification for immobilization of biomolecules play
crucial roles in efficiency of electrochemical process
associated with electron transport and/or electrocatalysis.
Unmodified electrodes are not always sufficiently effec-
tive. Different materials can be used as modifiers: poly-
mers, gels, native biomolecules, metals and their oxides.
Nanosized structures have become widespread in recent
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years, including colloidal solutions of gold and silver
(metal nanoparticles), iron oxides, single- and multi-
walled carbon nanotubes, graphene, graphene oxide,
boron- nitrogen-, and sulfur-doped graphene, lipids,
synthetic membrane-like materials, and polymeric com-
positions [6-13]. Nanoparticles can catalyze reactions
occurring at the surface of the electrode. Surface modifi-
cation of the electrodes with nanoparticles (nanostructur-
ing) allows selection of optimal conditions and tuning the
sensor performance according to the required electro-
chemical reaction or analyzed substance, as well as pro-
vides necessary analytical characteristics of the method
such as biocompatibility, appropriate limit of detection,
selectivity, range of the analyte concentrations, etc.

The type of modification of the working surface of
electrode is often selected empirically by examining com-
binations and concentrations of the components. In the
present review, we describe the approaches to various
types of modifications based primarily on the properties
of biomolecules, as well as properties of modifiers as
direct participants and/or mediators between the redox-
center of the biomolecule and the electrode. The methods
of electroanalysis of functionally significant hemopro-
teins such as myoglobin, involved in the transport of oxy-
gen in muscles, and cytochrome c, involved in electron
transport, as well as of oligonucleotides and double-
stranded DNA (dsDNA) are reviewed.

Hemoproteins play a key role in biochemical process-
es such as transport and storage of molecular oxygen by
hemoglobin and myoglobin, electron transport from respi-
ratory substrates by cytochromes and terminal oxidation of
0O, by cytochrome ¢ oxidase, decomposition of hydrogen
peroxide by catalase, oxidation of organic compounds by
peroxidase, metabolic transformation of drugs and xenobi-
otics in phase I reactions by cytochrome P450 enzymes,
nitric oxide synthesis from L-Arg by NO synthase, and use
of reactive oxygen species by catalase. These various func-
tions are based primarily on the redox properties of the iron
ion of heme according to the Fe(IlI) + e <> Fe(II) scheme
[14, 15]. The effect of direct electron transfer from the
electrode to the heme iron is widely used for designing
electrochemical hydrogen peroxide and nitrite ion sensors.

Cardiac myoglobin and cytochrome c are the markers
of acute myocardial infarction [15-17]. Cytochrome c is
an important heme-containing metalloprotein localized
in the cytosol between the inner and outer mitochondrial
membranes. Cytochrome ¢ belongs to the class I c-type
cytochrome family and performs different functions
depending on its cellular localization and conditions. It
mediates electron transfer between respiratory chain com-
plexes III and IV [18, 19]. In addition, the release of
cytochrome ¢ from mitochondria is a signal for initiating
of apoptotic process. Detection of cytochrome ¢ in the
extracellular space can be used in clinical diagnostics of
pathologies such as acute myocardial infarction, lupus
erythematosus, rheumatoid arthritis, oncologic diseases.
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Cytochrome c¢ is used as a biomarker to identify mito-
chondrial damage leading to cell death. Proapoptotic
properties of cytochrome ¢ can be used for the develop-
ment of diagnostic techniques, in search for new drugs
capable of killing pathological cells, and for assessment of
efficiency of the drugs. The development of modern, rapid
and affordable methods for quantitative determination of
cytochrome ¢ with electrochemical biosensors is an urgent
task of bioanalytical chemistry [20].

Nucleotides, oligonucleotides, DNA and RNA are
considered the markers of many pathological states. The
presence of mutations in the circulating tumor DNA, as
well as in RNA or microRNA, and their amounts can be
diagnostic biomarkers of various oncologic diseases and
prognostic markers for the analysis of response to treat-
ment and/or as markers of disease progression [21-29].
The change in DNA length (DNA fragmentation) is one
of the recognized markers of programmed cell death
(apoptosis) [24]. Analysis of the modified heterocyclic
bases (e.g., methylation profiles) is crucial both for epige-
netic studies [24, 30-33] and for detection of point muta-
tions [30].

Thus, the development of highly sensitive electro-
chemical sensors for DNA and functionally significant
hemoproteins is a relevant issue. The present work
describes screen-printed graphite electrodes (SPE) mod-
ified with polymeric nanocomposites based on multi-
walled carbon nanotubes (MWCNT) to amplify electro-
chemical signals of biochemical processes on the elec-
trode surface and to improve limit of detection in electro-
analysis of different biological objects: oligonucleotides,
double-stranded DNA, myoglobin, and cytochrome c.

Polymeric materials are able to disperse carbon
materials and form stable colloidal dispersions of carbon
nanoparticles (MWCNT) in aqueous solutions. In addi-
tion, polymers may contain charged and hydrophobic
segments of different length. Such property of the poly-
mers makes them attractive as electrode modifiers for
electrochemical detection of biological objects, which
also have both hydrophobic domains and polar regions
enriched with positive or negative charges. In addition,
graphite electrodes that are widely used in electroanalysis
have both hydrophobic component and negatively
charged carboxylic groups emerging due to oxidation of
carbon atoms. This combined set of properties of poly-
mers, biological objects, and surface of indicator elec-
trodes make this triad interconnected and show the pos-
sibility of controlling efficiency of the entire system.

ELECTROANALYSIS OF MYOGLOBIN
USING POLYMER NANOCOMPOSITES
FOR ELECTRODE MODIFICATION

Myoglobin (Mb) is a hemoprotein (MW 16,900 Da);
its main function is oxygen transport in muscles.
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Myoglobin is a molecular marker in pathogenesis of car-
diovascular diseases and an early indicator of myocardial
infarction [16]. Most researchers consider normal myo-
globin concentration to be 100 pg/liter. Isoelectric point
of myoglobin is pI = 7; at physiological pH levels, this
protein is uncharged. Myoglobin is an electroactive pro-
tein; the methods of its detection are based on the direct
registration of the signal of heme iron reduction [Mb-
Fe(III) + e~ <> Mb-Fe(1D)].

a
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The reduced form of myoglobin, Mb-Fe(II), active-
ly binds oxygen according to the Mb-Fe(Il) + O, —»
— [Mb-Fe(I1)O,] scheme; thus, under aerobic condi-
tions, it is possible to record only the reduction peak of
this hemoprotein, which reflects the process of electro-
catalytic reduction and amplifies the signal recorded
from this protein. Due to the functional significance of
myoglobin, various modifiers of the electrode surface
have been developed: surfactants, polymeric hydrogels,
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Fig. 1. a) Scheme of electroanalysis of cardiac myoglobin using modified electrodes with immobilized antibodies. b) Dependence of the max-
imum amplitude of the current of differential pulse voltammetry (DPV) SPE/MWCNT/Mb (1), SPE/MWCNT/PB,y-b-PDMAEMA,,,
(0.5 mg/ml)/Mb (2), SPE/MWCNT/PB,y,-b-PDMAEMA,,, (2.0 mg/ml)/Mb (3) in aerobic 100 mM potassium phosphate buffer, 50 mM
NaCl, pH 7.4. DPV conditions: scanning speed, 50 mV/s; amplitude, 20 mV; increment, 5 mV; frequency, 10 Hz. (Colored versions of Figs. 1-
6 are available in online version of the article and can be accessed at: https://www.springer.com/journal/10541)
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membrane-like polyelectrolyte/surfactant complexes,
aluminosilicates, silk fibroin, lipids, carbon nanotubes,
ionic liquids, and metal oxides [34]. Surfactants and
polymers (sodium dodecyl sulfate, chitosan) are also
used to improve dispersibility of MWCNT and to
increase colloidal stability of the dispersions of carbon
nanomaterials [35]. Efficiency of the direct electron
transfer between the electrode and the heme iron ion
depends on the used electrode material, modification of
the electrode surface, and proper orientation of the
protein active site on the electrode. Composite nano-
materials improve electron transfer, contribute to fixa-
tion of biological material on the electrode surface, and
provide biocompatibility to preserve natural affinity and
catalytic properties of biomolecules. Modification of
electrodes by MWCNT imparts some useful properties to
the sensors, such as increased surface area, improved
conductivity, and broad range of working potentials
[32, 36].

Previously we observed the synergistic effect of
MWCNT in combination with the ionic amphiphilic
diblock copolymer, polycationic poly(1,2-butadiene)-
block-poly(N,N-dimethylaminoethyl methacrylate)
(PB,y-b-PDMAEMA,,)) in electrochemical detection
of myoglobin [35]. It was demonstrated that the polymer
PB,y-b-PDMAEMA,,, is an effective biocompatible
material for incorporation of Mb, which facilitated
direct electron transfer from the electrode to the hemo-
protein. Binding specificity was provided by the antibod-
ies to cardiac myoglobin immobilized on the electrode
(Fig. 1a). The polymer forms micelles in aqueous solu-
tions which show good adhesion to carbon materials at
pH = 7 in phosphate buffer and they form thin films on
the hydrophobic graphite substrate. This type of polyca-
tionic polymer can form ionic bonds with the negatively
charged groups of myoglobin molecules and interact with
carboxylic groups of the working surface of the graphite
electrode, which are formed due to partial oxidation of
carbon atoms. An almost 3-fold increase in Mb reduc-
tion current was achieved in the MWCNT (2 mg/ml)/
PB,y-b-PDMAEMA,,, matrix compared to the elec-
trode modified only by MWCNT dispersed in chloro-
form (Fig. 1b).

The layer-by-layer deposition of modifiers onto the
surface of the working electrode was used in this work:
layer 1, MWCNT dispersion in chloroform; layer 2, poly-
cationic polymer PB,y-b-PDMAEMA,,,. In addition,
the role of MWCNT should be mentioned: the amplitude
of DPV cathode current increases 1.4-fold with the
increase in MWCNT concentration from 0.5 mg/ml to
2 mg/ml. Sensitivity of this biosensor system is sufficient
to cover the whole range of Mb concentrations, from the
normal physiological concentration of human cardiac
myoglobin (10-100 ng/ml; 0.56-5.6 nM) to the Mb level
in patients with myocardial infarction (100-1780 ng/ml;
5.6-100 nM) [37].
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MODIFICATION OF ELECTRODES BY MWCNT
DISPERSIONS IN AQUEOUS SOLUTIONS
OF POLY(IONIC LIQID)s AND CATIONIC

DIBLOCK COPOLYMERS FOR DNA ANALYSIS

Nucleotides, oligonucleotides, DNA, microRNA,
and RNA are known as markers of various pathological
conditions. The donor-specific DNA circulating in trans-
plant recipients was suggested as a potential biomarker of
organ rejection or graft injury [28]. The adenine and gua-
nine levels in plasma, serum and urine, as well as the
change of adenine concentration in DNA, could be con-
sidered as an indicator of carcinoma or liver diseases [29].
Analysis of the circulating tumor DNA in blood plasma is
considered as a diagnostic and prognostic method in
oncology referred to as “liquid biopsy” [25, 38].

The methods of electroanalysis based on electro-
chemical reaction of electro-oxidation of heterocyclic
bases have been developed for quantitative determination
of DNA, RNA, nucleotides, and oligonucleotides [39-
41].

The pyrimidine heterocyclic bases (thymine and
cytosine) are electro-oxidized at substantially higher
potentials (more than 1.2-1.4 V), which complicates their
recording with graphite electrodes obtained by screen-
printing. Purine heterocyclic bases (adenine and guanine)
are electrochemically oxidized at lower potentials (0.6-
0.9 V). Various approaches have been developed for
analysis of purine heterocyclic bases in DNA, RNA,
nucleotides, and oligonucleotides [24, 33, 42-52].

Electro-oxidation of guanine is an irreversible
process involving transfer of two protons and two elec-
trons with the formation of 8-oxoguanine. This com-
pound serves as a biomarker of DNA damage and frag-
mentation due to oxidative stress [31, 46]. The mecha-
nism of adenine electro-oxidation is also irreversible and
includes three stages that involve two electrons and for-
mation of 2-oxoadenine in the first stage, followed by two
stages involving four additional electrons and formation
of 2,8-dioxoadenine and its oxidized form [31, 46]
(Fig. 2).

In our studies, we took advantage of the properties of
polycationic polymers to disperse carbon nanomaterials
in aqueous media and to interact with polyanionic mole-
cules of DNA [53, 54].

The uniform coating of working electrode requires a
highly homogenous MWCNT dispersion with high con-
ductivity and without (or, at least, with the minimum)
structural damage to nanomaterial. However, it is rather
difficult to produce such MWCNT dispersion due to the
low dispersibility of such carbon nanomaterials in the
most of organic solvents. Highly destructive functionaliza-
tion of MWCNT by hard oxidation in the concentrated
mixture of nitric and sulfuric acids is currently replaced by
the safer and milder ultrasonic treatment either in water or
in aqueous-organic mixtures and organic solvents
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Fig. 3. Differential pulse voltammograms of the electrodes modified by MWCNT/PIL-Et; DNA concentration, 0.4-3.0 mg/ml.

(dimethylformamide, acetone, isopropanol, ethanol,
toluene, N-methyl-2-pyrrolidone, cyclodextrins).
Polymeric materials carrying various functional
groups can be used for immobilization of biological
objects that differ in the molecular charge and isoelectric
points. The polyanionic molecules of dsDNA were
immobilized using polycationic polymeric modifiers such
as poly(ionic liquid)s based on imidazole derivatives [53].

For direct electroanalysis of dsSDNA based on electro-
oxidation of guanine and adenine, poly(ionic liquid)s
(PIL) on the basis of imidazole derivatives, poly(1-ethyl-
3-vinylimidazolium bromide, PIL-Et) and poly(1-butyl-
3-vinylimidazolium bromide, PIL-But) were synthesized
and used for modification of SPE surface by highly stable
MWCNT dispersions in aqueous media [53]. Figure 3
shows the DVP signals from electrodes modified by
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MWCNT/PIL-Et with DNA concentration varying with-
in a range of 0.4-3.00 mg/ml [53].

Such SPE modification considerably increases the
electroactive surface area and the rate of electron transfer
due to synergistic combination of specific properties of
MWCNT, such as strong adsorption, high electron-trans-
porting capacity and high specific surface area, and
advantages of the PIL such as ionic conductivity and abil-
ity to disperse carbon materials. In addition, the positive-
ly charged nitrogen atom of the imidazole ring of poly-
meric constructs based on PIL can form ionic bonds with
the negatively charged phosphate groups of oligonu-
cleotides or DNA, stabilizing the system for recording
and measuring of electrochemical signals.

The synthesis of PIL for preparation of stable
MWCNT dispersions is described in [53]. Analytical char-
acteristics of the sensors based on recording electro-oxi-
dation of guanine (with the potential E = +0.60 £+ 0.01 V)
and adenine (with the potential E = +0.85 = 0.01 V) are
presented in Table. Linear ranges of dsDNA determina-
tion correspond to 5-500 ug/ml for the oxidation peak of
guanine and 0.5-50 ug/ml for the oxidation peak of ade-
nine (table).

Since the maximum amplitude of oxidation peaks of
purine nucleotides is proportional to the content of ade-
nine (A) or guanine (G) residues in the nucleotide chain,
direct electro-oxidation can be used to detect point muta-
tions or the so-called single-nucleotide polymorphism
(SNP) in short DNA fragments (oligonucleotides). The
pair of oligonucleotides differing in only one nucleotide
residue was used as an example demonstrating ability of
the assay to detect SNPs.

The developed SPE/PIL-But/MWCNT systems
were able to recognize point mutation in 12-membered
single-stranded oligonucleotides (Fig. 4): 5'-AAA-CCC-
GAC-CGG-3"and 5'-AAA-CCC-GTC-CGG-3' [53, 54].
The oligonucleotide sequence and position of the muta-
tion were chosen as analogs of the fragment of epidermal
growth factor receptor (EGFR) 21. Figure 4 clearly
shows the difference between the values of current of
adenine electro-oxidation I, for these oligonucleotides:
the oxidation current for A-residues was about 6.7 pA
and 3 pA for oligonucleotide 1 and 2, respectively, due to
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Fig. 4. Electroanalysis of oligonucleotides (1) 5'-AAA-CCC-
GAC-CGG-3' and (2): 5'-AAA-CCC-GTIC-CGG-3' using
nanostructured electrodes SPE/PIL-But/MWCNT.

different contents of A-residues, while the oxidation cur-
rent for guanine was the same for both oligonucleotides,
indicating that there was no difference in the content of
G-residues. Thus, this experiment demonstrated poten-
tial of the developed SPE/PIL-But/MWCNT-based sen-
sor to detect point mutations in short DNA fragments.

Non-small cell lung carcinoma is associated with
exon 21 L858R mutation in the EGFR and, as is well
known, this is a disease with poor prognosis [30]. The
exon 21 L858R mutation is of great clinical significance
for choosing treatment strategy. Detection of such muta-
tions is very important from the clinical point of view and
could be part of personalized treatment.

A method was developed to produce homogenous
and stable colloidal dispersion of MWCNT in aqueous
solution of ionic amphiphilic diblock copolymer, polyca-
tionic poly(1,2-butadiene)-block-poly(N,N-dimethyl-
aminoethyl methacrylate) (PB,g-b-PDMAEMA,,,) [55]
and diblock copolymers PnBMA,-b-PDMAEMA,
poly(n-butylmethacrylate),-block-poly(N,N-dimethyl-
aminoethyl methacrylate),, where the x and y are varied
from (x = 40, y = 40) to (x = 40, y = 120) and (x = 70,
y = 120) [56]. The 5 mg/ml aqueous solutions of diblock

Analytical characteristics of chemically modified electrodes for the analysis of biological objects

Biological object Type of electrode, modification Working concentrations range
dsDNA SPE/PIL/MWCNT 5-500 pg/ml [guanine peak (G)], E = +0.60 £ 0.01 V
0.5-50 pg/ml [adenine peak (A)], E = +0.85+ 0.01 V
dsDNA SPE/PnBMA,,-b-PDMAEMA,,,/ 5-1500 pg/ml [guanine peak (G)], LOD = 5 ug/ml and 1-200 pg/ml

MWCNT
Cytochrome ¢ | SPE/PnBAp9-b-PAA 4/ MWCNT

Mb SPE/PB,g,-6-PDMAEMA,,,/MWCNT

[adenine peak (A)], LOD =1 pug/ml
1-100 uM, LOD = 1.16 uM at E = +0.578 £ 0.011 V (Tyr + Tip)

physiological concentrations 10-1780 ng/ml (0.56-100 nM)
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Fig. 5. Comparison of dsDNA determination in buffer and in
serum by analyzing electrochemical oxidation of guanine and
adenine using the constructed PnBMA,,-b-PDMAEMA,,,/
MWCNT (2 mg/ml MWCNT) sensor.

copolymers PnBMA,-b-PDMAEMA, were prepared by
direct dissolution; all DMAEMA monomeric units of
diblock copolymers were protonated at pH 3.

The authors of the work [56] reported the use of
amphiphilic ionic poly(n-butylmethacrylate)-block-
poly(N,N-dimethylaminoethyl methacrylate) diblock
copolymers (PnBMA,,-b-PDMAEMA,,, PnBMA-b-
PDMAEMA,,;,, PuBMA;,-b-PDMAEMA,,,) containing
both hydrophobic and ionic blocks in one macromolecule
for dsDNA electroanalysis. In addition to the fact that

SHUMYANTSEVA et al.

these diblock copolymers are polymer binders facilitating
sufficient integrity of the deposited layer of MWCNT
during modification of the electrode, PnBMA,-b-
PDMAEMA, themselves can also act as a host matrix.
Their protonated PDMAEMA efficiently retain the
oppositely charged target analytes (in this particular case,
the negatively charged dsDNA), thereby providing poten-
tial advantages for electrochemical measurements. The
maximum combined effect was shown for the SPE/
PnBMA,,-b-PDMAEMA |,,/MWCNT system manufac-
tured using the dispersed MWCNT at a concentration of
2 mg/ml.

Optimal ratio of the hydrophobic and hydrophilic
fragments of the diblock copolymer PnBMA,,-b-
PDMAEMA,,, and the MWCNT concentration of
2 mg/ml results in substantial increase in the electroactive
surface area both due to the particular features of the
copolymer structure (optimal hydrophobic—hydrophilic
balance and optimal total length of the macromolecule)
and due to the optimal content of carbon nanotubes in
the PnBMA,-b-PDMAEMA,/MWCNT system. The lin-
ear ranges of dsDNA detection with this system corre-
spond to 5-1500 pg/ml for guanine and 1-200 pg/ml for
adenine (table; Fig. 5). The developed sensors allow
DNA determination in human blood serum.

The limits of detection (LOD) are 5 and 1 ug/ml for
guanine and adenine, respectively. Based on the average
molecular weight of dSDNA from sturgeon milt of 20 kDa,
the molar values of the limits of detection are 0.25 uM for
guanine and 0.05 uM for adenine. It was shown [56] that
the developed SPE/PnBMA,-b-PDMAEMA,;,/MWCNT
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Fig. 6. Intensity of the peaks of differential pulse voltammetry during electrochemical oxidation of guanine and adenine of the leukocyte DNA
at concentration of 9.35 pg/ml analyzed with the SPE/PnBMA,)-b-PDMAEMA,,,/MWCNT (2 mg/ml MWCNT) system. Experimental data
were obtained by signal processing with First Derivative Test by differentiating voltammograms.
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system could be used for the analysis of dSDNA isolated
from human blood leukocytes in the range of concentra-
tions 2-100 pg/ml (Fig. 6).

Polycationic polymers used for construction of sen-
sors for analysis of polyanionic DNA molecules allow
efficient DNA detection by analyzing the signals of elec-
tro-oxidation of the purine bases (guanine and adenine)
within a broad and physiologically significant range of
concentrations.

MODIFICATION OF ELECTRODES
BY MWCNT DISPERSIONS IN AQUEOUS
SOLUTIONS OF ANIONIC DIBLOCK
COPOLYMERS FOR ANALYSIS
OF CYTOCHROME ¢

Cytochrome ¢ (MW 13,370 Da) is of great clinical
significance as a marker of myocardial infarction, a mark-
er of apoptosis, and an electron transport hemoprotein.
The following methods have been developed for quantifi-
cation of cytochrome c¢: immunochemical and spectral
methods, methods based on recording radiation emitted
by the product of reaction between the analyzed sub-
stance and chemiluminescence enhancer, and electro-
chemical methods [19, 57].

The iron ion of the heme is reversibly transformed
from the oxidized form (Fe’") into the reduced form
(Fe?™) during electron transfer, which leads to the
changes in the heme conformation. Redox potential of
this process determines efficiency of the electron trans-
fer. Even minor changes in the structure of polypeptide
chain and microenvironment of the heme can affect effi-
ciency of the electron transfer and functioning of the
entire respiratory system and apoptotic processes.
Isoelectric point of cytochrome ¢ is pI = 10.1; it implies
predominance of the positively charged side-chain radi-
cals in the molecule at neutral pH, and that cyto-
chrome c is positively charged under physiological con-
ditions. In the mitochondrial membrane, about 15% of
cytochrome c is tightly bound to cardiolipin, one of the
phospholipids forming this membrane. The complex of
cytochrome ¢ with cardiolipin exhibits peroxidase activ-
ity, initiating cell apoptosis. Cardiolipin contains mostly
side-chain radicals with anionic groups. Cardiolipin
comprises about 15-20% of all lipids of the inner mito-
chondrial membrane and has a unique structure consist-
ing of four fatty acids, with the maximum content of
linoleic acid. Due to the positive charge of cytochrome ¢
in the neutral medium, it binds through electrostatic
interactions to the surface of the negatively charged
membrane lipid bilayer [19, 58].

Taking into account this property of cytochrome c,
the composite materials for modification of the electrodes
have been developed that carrying negative charges for
stabilization and binding of cytochrome c.
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Cytochrome ¢ was immobilized on the surface of the
electrode using MWCNT dispersions based on poly(n-butyl-
acrylate)-block-poly(acrylic acid) PnBA o-b-PAA 4 [59].

This type of electrode modification provides possi-
bility for generation of panoramic voltamperogram in a
broad range of potentials and allows recording not only
redox processes of the heme iron ion (according to the
reaction Fe(IIl) + e<»>Fe(Il)) at near-zero potential, but
also studying the processes of electrochemical oxidation
of amino acids of the polypeptide chain of cytochrome ¢
(tyrosine and tryptophan at +0.6 V), as well as irreversible
electrochemical oxidation of the heme at +0.8 V (Fig. 7).

Such multipoint detection can be considered as an
electrochemical fingerprint of cytochrome ¢ providing a
method for recognition and quantitative determination of
cytochrome ¢ in complex (bio)chemical analytes. The
limit of detection of cytochrome ¢ at E = +0.578 *
0.011 V related to the Tyr + Trp oxidation was 1.16 pM,
i.e., approximately twice lower than for the method based
on reduction of the heme at near-zero potential. The
study of the processes of electro-oxidation of amino acids
of the cytochrome ¢ polypeptide chain (tyrosine and tryp-
tophan) is important also from the point of recording
functionally significant posttranslational modifications of
this hemoprotein [60]. Tyrosine is subject to posttransla-
tional modification such as phosphorylation and nitra-
tion. The human cytochrome ¢ contains five tyrosine
residues. Tyr46 and Tyr48 are localized in the Q loop posi-
tioned close to the heme. Nitration of these residues caus-
es change in the secondary structure due to redistribution
of the network of hydrogen bonds surrounding the heme.
As a result, the heme is converted into the high-spin state,
which leads to increase in the peroxidase activity of nitrat-
ed cytochrome ¢ and induces specific degradation of the
protein. Nitration of the Tyr46 and Tyr48 residues in
cytochrome c¢ leads to the assembly of nonfunctional
apoptosome. Furthermore, nitration of the Tyr67 residue
does not affect secondary structure of this hemoprotein
but nitration of the Tyr74 residue results in the increase of
peroxidase activity, impairment of interaction with cas-
pase 9, and inhibition of apoptosis. Nitration of the Tyr46,
Tyrd8, Tyr67, Tyr74, and Tyr97 residues changes redox
potential of cytochrome ¢ and disrupts its interactions
with caspases, which in turn results in the assembly of
nonfunctional defective apoptosome. Nitration of the
Tyr74 residue is accompanied by the sevenfold increase in
the peroxidase activity of cytochrome c, as well as the loss
of electron-transport functions due to the shift of the
redox potential to 400 mV.

Tyr97 is the key amino acid residue in the formation
of apoptosome [61, 62]. Tyr97 phosphorylation leads to
formation of a salt bridge between the phosphotyrosine
and Lys7, which interferes with apoptosome forma-
tion [63, 64].

Thus, a strategy has been developed to obtain an
electrochemical signature of cytochrome ¢ heme protein,
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Fig. 7. Panoramic DPV of cytochrome ¢ on SPE/MWCNT/PrBA ,-b-PAA, 4 as an electrochemical fingerprint of cytochrome c¢: (1) heme
area, (2) oxidation of amino acids tyrosine and tryptophan Tyr + Trp, (3) electro-oxidative destruction of the heme.

based on both electroanalysis of the prosthetic group of
the protein and electro-oxidation properties of the amino
acid residues such as Tyr and Trp. The LOD was 1.91 uM
in the case of recording the heme signal and 1.16 uM in
the case of recording electro-oxidation. The specific and
sensitive signature of cytochrome ¢ can be further used for
monitoring apoptotic events during chemotherapy,
searching for novel antitumor drugs, studying mechanism
of apoptosis, identifying posttranslational modifications
of particular functionally significant amino acid residues
of the polypeptide chain or of the heme itself.

CONCLUSIONS

Selection of the appropriate modification of elec-
trode for immobilization of biological objects with differ-
ent properties and for recording electron transport plays
an important role in the development of efficient electro-
chemical process associated with electron transfer and
electrocatalysis. Exploiting of MWCNT provides elec-
trodes with increased surface area, improved conductivi-
ty, and broad potential window. Moreover, combination
of MWCNT and polymers not only facilitates production
of highly homogenous dispersion of carbon nanomateri-
als but also enhances the synergistic effect and allows
effective investigation of biological objects with different-
ly charged molecules and different isoelectric points.

Modifications of the screen-printed graphite elec-
trodes with sensor constructs based on the dispersions of
MWCNT in aqueous solutions of polymers are very
promising for the development of highly sensitive recog-
nition systems for quantitative analysis of biological
objects with different molecular parameters (charge,

hydrophobicity, size, functions). Carbon nanomaterials
used for modification of electrodes increase analytical
sensitivity of the system and amount of the electroactive
component on the electrode, while polymers not only
facilitate preparation of highly homogenous MWCNT
dispersion with high conductivity but also mediate tight
attachment of the analyzed biological objects on the
working surface of the electrode (table).

The evidence-based selection and investigation of
the mechanisms of specific interactions (ionic,
hydrophobic) of a biomolecule and an electrode modifier
are being studied actively both theoretically and experi-
mentally. The authors of the work [65] used the
approaches and methods of molecular dynamics to
understand the mechanism of adsorption of alanine,
glycine and valine on the surface of graphene and func-
tionalized graphene, which is actively used for modifica-
tion of electrodes in order to improve analytical charac-
teristics of the sensors. This work is an important step in
understanding principles for selections of biomole-
cule/modifier tandem that have predictive power.

Functionalization of the electrode surface plays an
important role in the development of sensor systems for
biochemistry, clinical medicine, and pharmacology. Based
on the goal of the experiment (analysis of the marker of
pathological process, search for potential substrates/
inhibitors of the functionally significant enzymes, study of
drug interactions, analysis of conformational changes in
proteins, the search for single nucleotide substitutions)
and the selected electrochemical method of analysis, it is
possible to increase sensitivity of the electrochemical
biosensor system and to decrease the limit of quantifica-
tion, which is essential for constructing “smart” biosen-
sors for electroanalysis of various biological objects.

BIOCHEMISTRY (Moscow) Vol. 86 Suppl. 1 2021
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